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Incorporation of L1-C, O2jacetate and 02 gas into citreoviridin, aurovertin B, and asteltoxin established the origin of the oxygen atoms and provided stereochemical and mechanistic information on the biosynthetic pathways of these metabolites. The incorporation of (25)- 
INTRODUCTION
Over the past ten years part of our research effort has been committed to a study of the biosynthesis of a number of polyketide-derived mycotoxins. The investigations to be reported here concern the study of three structurally-related members of a group of mycotoxins which act as inhibitors of ATP-synthesis and ATP-hydrolysis catalyzed by mitochondrial enzyme systems13 viz. citreoviridin (1), aurovertin B (2), and asteltoxin (3), as well as a mutagen, fusarin C (4) isolated from cultures of Fusarium moniliforme.
CITREOVIRIDIN
Acute cardiac ben-ben, a mycotoxicosis prevalent for more than three centuries among man in rice-eating countries of East Asia, was first reported in Edo (the present Tokyo) in [methy1-1C]methionine yielded acetic acid (characterized as the p-bromophenacyl derivative) containing 80.8% of the specific activity of the starting material. Schmidt decarboxylation of the acetic acid gave methyl amine, which was converted to 2,4-dinitro-N-methylaniline, and showed that all the activity was locati in the methyl group of the acetic acid.
In the second experiment cultures of P. pulvillorum were incubated with [2-11C] acetate.
Kuhn-Roth oxidation of the labelled citreoviridin yielded acetic acid (characterized as the -bromophenacyl derivative) which had a specific activity of 51.8% of that of the starting material (theory: 5/9 55.5%, assuming a total of nine labelled positions).
Schmidt decarboxylation of the acetic acid showed that the methyl group contained 11.1% of the activity of the starting material (theory: 1/9 11.1%) and the carboxy group 31.4%.
The above results, consistent with the postulated biosynthetic pathway, also illustrate the difficulties in determining the location of 1C-labels by chemical degradation.
Nowadays, stable isotopes, such as 2H, 13C, 15N, 170, and 180, in conjunction with n.m.r. methods of analysis12'13 play an important role in biosynthetic studies and circumvent the problems associated with DC-labelling studies. A prerequisite of such studies using n.m.r spectroscopy for the location of 13C-labels, is an unambiguous assignment of the resonances in the natural abundance 13C n.m.r. spectrum of the metabolite.
Cultures of P. pulvillorum, CSIR 1406 were grown in the dark at 23°C in stationary culture on an F14 medium.1' Our studies on the course of fermentation indicated that citreoviridin production commenced on day 2 and that satisfactory yields of the metabolite (150 my l') could be obtained 12 days after the inoculation of the medium. In preliminary feeding experiments with [l-C]acetate as precursor we established conditions which would give a suitable 13C enrichment at each individual, acetate-derived carbon atom of citreoviridin on feeding [13C]acetate. A satisfactory dilution value for citreoviridin (19.5, assuming 9 labelled positions) and good incorporation (1.5%) was obtained by pulsing cultures of P. pulvillorum every 12 h from day 3 to day 11 with sodium acetate to a total amount 1.0 g l.
The proton-decoupled 13C n.m.r. spectrum of [i-3C]acetate-derived citreoviridin showed nine enhanced signals attributed to C-2, C-4, C-6, C-8, C-lU, C-l2, C-14, C-i6, and C-lB whereas that of citreoviridin derived from [2-13C] acetate showed enhanced signals for C-i, C-3, C-5, C-7, C-9, C-li, C-13, C-iS, and C-17. Satisfactory enrichment factors were obtained for the [ The use of 18ü labelled precursors in biosynthetic studies allows us to investigate the oxidation states of intermediates which can be involved in the biosynthesis and provides us with information on the reduction, deoxygenation and oxidation processes. The results of 180 isotope incorporations, in conjunction with the known absolute configuration of citreoviridin, enabled us to propose a detailed mechanism for the formation of the tetrahydrofuran moiety.
[l-'3C,1802]Acetate was added to cultures of P. pulvillorum, CSIR 1406 over days 3-li before isolation and purification of the enriched citreoviridin. The incorporation of 18 was detected by the presence of isotopically shifted resonances in the proton-decoupled 13C n.m.r. spectrum.23'2 The upfield isotope shifts observed for the C-14 ( atom % '3C) admixed with unlabelled acetate to the medium from day 4 to day 9 produced citreoviridin whose proton-decoupled 13C n.m.r. spectrum ( Fig. 3) 13c18o16o)/(2c18o2 + '3C'802), equals 2.0, and suggests that oxygen is introduced by a mono-oxygenase enzyme. The introduction of the C-4 and tetrahydrofuran ring oxygen atoms from a single oxygen molecule by a dioxygenase enzyme requires a value of 0.9 for this ratio.
The above experiments established for the first time the origins of the oxygen atoms in citreoviridin. Analysis of the results afforded us considerable insight into the stereochemistry and mechanism of the events by which this metabolite is elaborated. For example, alkylation of a -ketoacyl thioester by 5-adenosylmethionine introduces the eventual C-3, C-5, C-7 and C-15 methyl groups and generates the C-16 0-methyl moiety. The subsequent loss of oxygen from C-2, C-4, C-6, C-8, C-lU, and C-12 presumably occurs by a reduction-elimination sequence analogous to that of fatty acid biosynthesis26 to generate the 2Z, 4E, 6E, 8E, bE, 12E polyene with the 3-s-cis, 5-s-cis conformation (6) . The exact timing of the methylation step and the reduction-elimination sequence is not known but these reactions do not have to involve a C18 f3-ketoacyl thioester and could occur at an earlier stage of the 3-ketoacyl chain assently. The presence of deuterium only at C-l in citreoviridin derived from [1-13C,2-2H3]acetate indicates that significant losses of through exchange processes occur before reduction of the -ketoacyl intermediates to the corresponding 3-hydroxyacyl intermediates. If we assume that water elimination in the reduction-elimination sequence occurs in a yj fashion, as is the case in fatty acid biosynthesis, then E and Z double bonds can be formed only if the steric course of the reductions which generate the chiral secondary alcohols occur in the opposite sense. This difference in stereospecificity is consistent with these reductions occurring at different active sites on distinct reductases. Alternatively, water could be eliminated either by a or an anti mechanism from the same chiral secondary hydroxy group.
The subsequent formation of the pyrone ring present in citreoviridin proceeds by nucleophilic attack of the C-l4 enolic hydroxy group on the thioester carbonyl aid does not involve a free carboxylic acid intermediate as the 180 enrichment at C-l8 is the same as that at C-16 aid C-l4. Once released from its polyketide synthetase, the polyene is postulated to undergo epoxidation by a mono-oxygenase to give the (2R,3R,45,5R)-bisepoxide (7) (see Fig. 4 ). Nucleophilic attack by water at C-3 would initiate the formation of the tetrahydrofuran moiety of citreoviridin with the correct absolute configuration of the substituents. The oxygen of the C-3 hydroxy group is thus derived from water of the medium. A similar attack of the C-2 hydroxy group oxygen atom on an epoxide (as shown in Cultures of C. arbuscula were grown in the dark at 23°C in stationary culture on an Fi4 medium at pH 6.2. Although the fungus is reported to produce at least nine aurovertins,3°o nly aurovertins B and 0 were produced in our experiments. In fact, in a few cases when older culture material, obtained through repetitive subculturing, was used only aurovertin B was produced.LO Studies on the course of fermentation indicated that aurovertin production commenced on day 7 and reached a maximum 14 days after the inoculation of the medium. A satisfactory dilution value for aurovertin B (15.7) (assuming 10 labelled positions) and good incorporation (0.8%) was obtained by pulsing cultures of C. arbuscula every 12 h from -1 Lf day 7 to day 13 with sodium acetate to a total amount of 1. 
ASTELTOXIN
The investigation of toxic maize meal cultures of Aspergillus stellatus Curzi*, MRC 277 led to the isolation of a novel mycotoxin, asteltoxin (3), 5 The compound has an LD5O of 5.9 mg kg1 when tested in mice and paralysis of the hind legs and respiratory impairment are the major symptoms observed in the experimental animals. Evidence in favour of structure (3) for asteltoxin was deduced mainly from its and 1H n.m.r. spectra. A single crystal X-ray study confirmed the proposed structure and relative configuration. '5 The total synthesis of asteltoxin has been reported by Schreiber.6
Extensive incorporation studies with 13C-labelled precursors have revealed the simultaneous operation of two apparently independent pathways in the biosynthesis of aurovertin B (2) (see above). These results prompted us to investigate the biosynthesis of asteltoxin (3) as, in addition to the same two pathways, a rearrangement of the polyketide chain must be invoked to explain the formation of the 2, The ratio of 13C160:13C180 for this signal is twice the ratio of that of the C-3 and C-7 resonances (Fig. 11) . The low intensity of the C-8 resonance precluded the observation of an 180 isotope shift.
The above results allow us to propose a mechanism for the formation of the 2,8-dioxabicyclol3. 3 .0]octane moiety of asteltoxin. The initial steps in the biosynthesis leading to the 3Z, SE, 7Z, 9E, llE, 13E polyene with the 4-s-cis, 6-s-trans conformation (9) occurs by a process analogous to that described for aurovertin B (see earlier).
Epoxidation of this polyene by a mono-oxygenase gives the (3R,4R,5R,6R,75,85)-triepoxide or its enantiomer (see Fig. 12 In summary, our results on the biosynthesis of citreoviridin, aurovertin B (and D) and asteltoxin, allow us to define the stereochemistry and conformation of the putative polyene precursors of these metabolites. Thus the same polyene intermediate, but having either the 7E or 7L stereochemistry and the 6-s-cis or 6-s-trans conformation (see Figs. 9 and 12, respectively) is involved in the biosynthesis of the aurovertins and asteltoxin.
Furthermore, the initial nucleophilic attack of water on an epoxide to initiate the concerted formation of the hetereocyclic rings is strikingly similar in each case.
THE FUSARINS
Fusarium moniliforme Sheldon occurs world-wide on a great variety of plant hosts and is one of the most prevalent fungi on maize (Zea mays L.).L9 An isolate of F. moniliforme, strain MRC 826, obtained from maize in an area of the Transkei, Southern Africa, with a high oesophageal cancer rate5° was found to be not only highly toxic and able to induce leukoencephalomalacia in horses,51 but also mutagenic.52
High-resolution mass spectrometric analysis of the molecular ion m/z 431.1970 of fusarin C (4) gave the molecular formula as C23H 20N07. The assignment of structure (4) to fusarin C is based on a detailed study of its 1H and 13C n.m.r. spectra.53 Selective population inversion (SPI)54 experiments established the two-and three-bond (C,H) connectivity pattern for the metabolite but did not allow us to differentiate between the substituted 2-pyrrolidone in (4) and that shown in (10) . The structure elucidation of two related nonmutagenic metabolites, fusarin A (11) (C23H29N06) and D (12) (C23H29N07), based on a similar detailed study of their high-field 1H and n.m.r. spectra, confirmed the presence of the 2-pyrrolidone (4) moiety in fusarin C. In the event additional evidence for the structure (4) was provided by X-ray crystallography of an isomer of fusarin C. assigned the 8Z, the 6Z, and the 1OZ stereochemistries, respectively (see Table   TABLE 1 The structure of the 8Z isomer of fusarin C as well as the relative configuration were determined by X-ray crystallography. The conformation of the polyene chromophore deserves particular attention. The torsional angle, 0 for the constituent atoms of this moiety indicates that a high degree of distortion i.e. deviation from planarity exists about the C-3----C-4 (0 67.5°), C-5---C-6 (0 55.8°) and C-7-C-8 (0 51.3°) single bonds. It is evident that in the crystal the 2E, 4L, 6E, 8Z, lOE polyene chromophore exists as the distorted 3-s-cis, 5-s-cis, 7-s-trans, 9-s-trans, li-s-trans conformer. This conformation also leads to intramolecular hydrogen bonding between the N-l6 proton and the oxygen of the methoxycarbonyl group.
In solution and in the dark a slow equilibrium is established between fusarin C, the C-15 epimer (13) and the isomeric epoxide (14) . The two equilibrium products could be isolated in the dark at 4°C by column chromatography on Sephadex LH-20 using dichloromethane as eluant. 
